The turnip (Brassica rapa var. rapa) is a biennial crop that is planted in late summer/early fall and forms fleshy tubers for food in temperate regions. The harvested tubers then overwinter and are planted again the next spring for flowering and seeds. FLOWERING LOCUS C (FLC) is a MADS-box transcription factor that acts as a major repressor of floral transition by suppressing the flowering promoters FT and SOC1. Here we show that vernalization effectively represses tuber formation and promotes flowering in Tibetan turnip. We functionally characterized four FLC homologues (BrrFLC1, FLC2, FLC3, and FLC5), and found that BrrFLC2 and BrrFLC1 play a major role in repressing flowering in turnip and in transgenic Arabidopsis. In contrast, tuber formation was correlated with BrrFLC1 expression in the hypocotyl and was repressed under cold treatment following the quantitative downregulation of BrrFLC1. Grafting experiments of non-vernalized and vernalized turnips revealed that vernalization independently suppressed tuberization in the tuber or hypocotyl of the rootstock or scion, which occurred in parallel with the reduction in BrrFLC1 activity. Together, our results demonstrate that the Tibetan turnip is highly responsive to cold exposure, which is associated with the expression levels of BrrFLC genes.
Introduction
The turnip (Brassica rapa var. rapa), a member of B. rapa in the Brassicaceae family, is a biennial root crop that forms fleshy tubers, providing food for humans and livestock in temperate climates worldwide (Liang et al., 2006) . Biennial turnips are planted in late summer/early fall and require vernalization during winter to flower the next spring. Controlling flowering time is especially important in turnip crops because early bolting can severely decrease the yield and quality. Vernalization, the process by which exposure to cold prevents the premature flowering during warm autumn days, has a significant influence on crop yield (Kim et al., 2009 ). One of the key genes that regulates the vernalization requirement and response is FLC (FLOWERING LOCUS C), a MADS-box transcription factor that acts as a repressor of floral transition (Schmitz and Amasino, 2007; Sharma et al., 2017) . FLC represses the flowering pathway integrators FLOWERING LOCUS T (FT) and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) (Michaels et al., 2005; Schmitz and Amasino, 2007) . Prolonged cold causes epigenetic silencing of FLC, which releases FT and SOC1 from repression and promotes flowering after plants are moved to warm conditions (Bastow et al., 2004; De Lucia et al., 2008; Krichevsky et al., 2007) . Association and quantitative trait loci (QTL) mapping studies have associated diversity in flowering time or vernalization response with polymorphisms in the FLC homologues of Brassica oleracea, B. rapa and Brassica napus (Hou et al., 2012; Irwin et al., 2016; Zhao et al., 2010) . In monocots, FLC-like genes are found in cereals where they also respond to prolonged cold (Ruelens et al., 2013) . Four FLC paralogues (FLC1, FLC2, FLC3 and FLC5) in B. rapa (Schranz et al., 2002) and in B. oleracea (Okazaki et al., 2007) have been cloned, and some of their molecular functions have been studied. For instance, one of two major FLC haplotypes in B. oleracea is repressed by cold exposure more slowly than the other (Irwin et al., 2016) . In another study, a splicing site mutation in BrFLC1 has been shown to significantly contribute to diverse flowering times (Yuan et al., 2009) . These findings indicate that in different genetic backgrounds, FLC genes play diverse roles on flowering time. Even though these FLC paralogues are apparently related to FLC, the extent of FLC conservation and the evolutionary versatility in B. rapa and other Brassica crops is still unclear.
In this study, we identified correlations among cold treatment length, tuberization inhibition, promotion of flowering, and decreased transcript levels in turnip BrrFLC homologues. The inhibition of vernalization on tuber formation was found to be concurrent with the silencing of BrrFLC1 gene expression in the hypocotyl. BrrFLC1 and BrrFLC2 in combination play a major role in repressing flowering and responding to vernalization.
Materials and methods

Plant materials and growth conditions
The Tibetan turnip (B. rapa var. rapa) is widely distributed in Tibet where it is traditionally used as a folk medicine and food to relieve hypoxia and alleviate fatigue (Chu et al., 2017) . Tibetan turnip landrace KTRG-B17 was collected from Qüxü County, Lhasa, Tibetan Autonomous Region, China. Its seeds were sown in Petri dishes containing two pieces of filter paper in the dark at 22 C for one day until germination. Germinated seedlings were planted in 0.1 L pots with a 3:1 ratio of soil and vermiculite. For the vernalization treatment, germinated seeds were incubated under a short day (SD) photoperiod at 5 C for 10, 20, 30, 40, 50 or 60 days. Subsequently, the pots were moved to the greenhouse under longday (LD) conditions with 16 h light/8 h darkness. Non-vernalized plants were transferred directly to the same conditions as vernalized plants.
Phenotyping analysis
Flowering time was measured as the number of days to flowering. The number of flowering plants was recorded on different days after vernalization. All measurements were based on 30 plants. Flowering times of Arabidopsis transgenic plants were recorded as the total number of leaves when the floral bolt was 1 cm high; 12 plants for each transgenic line were measured. The fleshy tuber diameter of the turnip was measured for the nonvernalization and vernalization treatments, respectively. Measurements were based on 30 plants.
RNA extraction and quantitative real-time PCR (qRT-PCR)
Total RNA was isolated using Trizol reagent (Invitrogen) from different tissues and growth periods. First-strand cDNA was synthesized from 1.5 mg of DNAse-treated RNA in a 20 mL reaction volume using M-MuLV Reverse Transcriptase (Invitrogen) with oligo (dT)18 primer. qRT-PCR was carried out using 2XSYBR Green I Master on a Roche LightCycle 480 real-time PCR machine in accordance with the manufacturer's instructions. At least three biological replicates and three technical replicates for each sample were used for qRT-PCR analysis. The BrrTUB2 gene and AtTUB2 genes were used as controls. Gene-specific primers are listed in Supplemental Table 1 .
Construction of plant expression vectors and generation of transgenic plants
To generate BrrFLC1, FLC2, FLC3, and FLC5 constructs, cDNA was fused to GFP under the control of a cauliflower mosaic virus (CaMV) 35S promoter, the full-length cDNA coding region of the BrrFLC gene was amplified from the cDNA of Tibet turnip seedlings and then cloned downstream of the GFP fluorescence marker in the pEGAD vector between the EcoRI and BamHI sites. These constructs were directly transformed into Agrobacterium tumefaciens GV3101, and Col and Col-FRI-flc plants were transformed using Agrobacteriummediated floral transformation, to generate the corresponding transgenic lines. Phenotyping was performed with T2 plants. Genespecific primers are listed in Supplemental Table 1 .
Protein immunoblotting
Total proteins were prepared by grinding seedlings on ice in an extraction buffer [50 mM Tris, 5% glycerol, 4% sodium dodecyl sulfate, 1% polyvinylpolypyrrolidone, 1 mM phenylmethylsulfonyl fluoride (pH 8.0)], followed by centrifugation at 14,000g at 4 C for 15 min. The same amount of total proteins was loaded into a 10% SDS-PAGE gel and then transferred onto a PVDF blotting membrane, which was then probed with the appropriate primary anti-GFP (1:3000, Clontech) and horseradish peroxidase-conjugated goat anti-mouse secondary antibody (1:3000, Promega). Signals were detected using the ONE-HOUR IP-Western Kits (Cat. L00232, Genescript).
Graft method
The general grafting conditions and procedures were performed as previously reported (Marsch-Martínez et al., 2013) . In brief, young vernalized and non-vernalized turnip seedlings were grown on ½ MS plates for 3e5 days. Under the dissecting microscope, the cotyledons were cut off from all seedlings using a scalpel. The scion seedlings were cut across the hypocotyl below the cotyledon stump to ensure that the rootstock seedlings were also aligned with their cotyledons flat. The stump of the rootstock and the cut stump of the scion were abutted so that the two phloem strands from the rootstock and scion matched. The successful graft lines were moved to the soil and grown under long-day conditions.
Results
Vernalization responses of Tibetan turnips
We firstly investigated the vernalization responses of Tibetan turnips in greenhouse experiments. Germinated seeds were subjected to cold treatment for 0e60 d. Non-vernalized turnips remained in the tuber growth phase for a long time and flowered very late, more than 200 d later (Fig. 1AeC) . In contrast, prolonged vernalization was associated with flowering. After 40 d of vernalization, turnips flowered quickly upon being transferred to warm conditions for a short period of time. However, less than 30 days of vernalization was not sufficient to initiate flowering.
We then measured tuber size after cold exposure. We found that tuber size decreased gradually over the course of vernalization ( Fig. 1A and D) . In the absence of vernalization, or partial vernalization (less than 30 d of cold), turnips produced obvious tuber characteristics. However, no tuber induction was observed when the plants were subjected to complete vernalization (more than 40 d of cold). These results suggest that vernalization effectively represses tuberization and promote flowering in Tibetan turnips.
Analysis of FLC homologues and their spatial expression in Tibetan turnips
Previous studies have shown that non-vernalized plants and vernalized plants are significantly correlated to the expression of FLC in Arabidopsis (Shindo et al., 2005) . To study the function of FLC homologues in the Tibetan turnip, we identified four paralogous FLC genes, namely, BrrFLC1, FLC2, FLC3, and FLC5. Because the turnip is a subspecies of B. rapa, we blasted these genes against the available Brassica A genome sequence from B. rapa (Cheng et al., 2011) . Sequence alignments revealed that the same exon coding sequences in BrrFLC2, FLC3, and FLC5 were present in B. rapa. However, variants with different coding exons at the C-terminal were found in BrrFLC1 (Fig. 2A) .
We analyzed the spatial expression pattern of BrrFLC genes in different tissues using quantitative RT-PCR. Expression of BrrFLC genes was higher in leaves compared to all other tissues (Fig. 2B) . In addition, the mRNA levels of the BrrFLC1 and BrrFLC2 transcripts were more than four times higher than those of BrrFLC3 and BrrFLC5 in leaves. BrrFLC1 was also highly expressed in the hypocotyl, whereas the other genes were not. Considering that the turnip tuber is primarily formed from the hypocotyl (Namikawa and Endo, 1932) , the high transcript levels of BrrFLC1 in the hypocotyl might be associated with turnip development.
BrrFLC gene expression is related to tuberization and flowering during vernalization
To examine the function of BrrFLC homologues of the Tibetan turnip in the vernalization response, we measured their expression following various cold treatments. BrrFLC1 and BrrFLC2 transcript levels decreased substantially in leaves during cold treatments, and eventually stabilized at low levels after 60 d, following the activation of the FT homologues BrrFT1 (reference to Bra022475) and BrrFT2 (reference to Bra004117) upon the transferral of the plants to warm conditions (Fig. 3A) . The expression levels of BrrFLC3 and BrrFLC5 also decreased during vernalization, but not obviously so. Thirty days of vernalization was insufficient to completely silence BrrFLC gene expression and resulted in their reactivation after transferring plants to warm conditions, without BrrFT1 and BrrFT2 upregulation, and in tuberization and late flowering (Fig. 3B) .
We then generated Arabidopsis transgenic lines overexpressing the BrrFLC genes in the Col and Col-FRI-flc backgrounds (Fig. S1 ). The overexpression of BrrFLC2 resulted in the greatest delays in flowering, followed by the BrrFLC1 overexpression line (Fig. 3CeD) . Overexpression of BrrFLC3 and FLC5 also delayed flowering, but the effect was not as obvious as that of the BrrFLC2-OE and BrrFLC1-OE lines. These results indicate that the BrrFLC homologues in Tibetan turnips differentially contribute to the repression of flowering time. FLC is a transcriptional repressor that directly represses FT expression (Shindo et al., 2005) . We therefore compared the expression levels of AtFT in transgenic and wild-type lines. As shown in Fig. 3E , the transcript levels of AtFT in the leaves of the transgenic lines were significantly lower than those in the two wild-type strains (P < 0.05). SOC1 and AP1 are marker genes for floral initiation. As observed in AtFT, AtSOC1 and AP1 expression was reduced in the scion apices of the transgenic lines (Fig. S2) . Furthermore, the BrrFLC2-OE and BrrFLC1-OE lines exhibited lower AtFT transcript levels in the leaves, and lower AtSOC1 and AtAP1 levels in the scion apices than the BrrFLC3-OE and BrrFLC5-OE lines, which is consistent with the flowering phenotypes. Overall, these findings suggest that the expression of BrrFLC2 and BrrFLC1 in leaves plays a primary role in the suppression of flowering. The high expression levels of BrrFLC1 in the hypocotyl was reduced sharply by cold treatment (Fig. 4A) . Extended periods of cold treatment quantitatively regulated BrrFLC1 expression, ultimately resulting in its silencing. The expression of other BrrFLC genes was also influenced by vernalization, but the expression levels were very low. We further analyzed the expression levels of BrrFLC genes in the tuber of turnip plants at different growth periods. BrrFLC1 was moderately expressed in the tuber compared to the other BrrFLC genes. The highest expression level of BrrFLC1 was observed at 36 d (Fig. 4C) , which corresponds to the critical stage of hypocotyl expansion (Fig. 4B) . The vernalization treatment significantly reduced the transcriptional levels of BrrFLC1 in the tuber at different growth periods (Fig. 4D) . These results indicated that the expression pattern of BrrFLC1 was associated with tuber enlargement and that BrrFLC1 responded to the vernalization treatment.
Grafting analysis of the role of vernalization on tuberization
Grafting is an excellent tool for investigating molecular processes in plants. We thus established a hypocotyl micrografting system in the Tibetan turnip to further examine the role of vernalization on tuber formation (Fig. 5A) . When the rootstock of the vernalized plant was grafted to the scion of the non-vernalized plant [termed B17(VER)/B17(NV)], the grafted line exhibited sustained vegetative growth with an obvious tuber in the scion above the grafting site (Fig. 5BeD) . The expression level of BrrFLC1 in the tuber of the scion was high compared to the very low expression levels in the hypocotyl of the rootstock (Fig. 5E) . For a control grafted line, we grafted the rootstock of a vernalized plant to the scion of a vernalized plant [termed B17(VER)/B17(VER)]. This line showed early flowering and no tuber formation; in addition, BrrFLC1 expression levels were low in the hypocotyl of both the scion and rootstock. We also created a B17(NV)/B17(VER) graft line which displayed early flowering in the scion and tuber formation in the rootstock (Fig. 5BeD) . In the hypocotyl of the scion, BrrFLC1 expression levels were low, whereas in the tuber of the rootstock they were high (Fig. 5E ). The control line B17(NV)/ B17(NV) exhibited a similar phenotype to the B17(VER)/B17(NV) line, in which an obvious tuber had formed near the grafting site. Regression analyses also indicated a significant correlation between the expression levels of BrrFLC1 in the hypocotyl or tuber of the rootstock or scion and the tuber size in these graft lines (Fig. 5F ). These results indicate that vernalization effectively suppresses tuberization in the hypocotyl of the rootstock or scion independently, and that BrrFLC1 expression is correlated with this process.
Discussion
In this study, we functionally characterized four FLC homologues (BrrFLC1, FLC2, FLC3, and FLC5) in the Tibetan turnip and found that BrrFLC2 and BrrFLC1 were significantly associated with vernalization response in a quantitative way. Plants with a vernalization requirement need varying levels of cold exposure to initiate flowering (Yan et al., 2004) . It has been shown that some species and ecotypes from high altitudes require a strict vernalization requirement (M endezvigo et al., 2011) . Our results show that at least a 40-day vernalization treatment is required to initiate In addition, we discovered high BrrFLC1 transcript levels in the hypocotyl and tuber. It has been previously shown that the fleshy tubers of turnips are formed mainly through secondary growth of the xylem in the hypocotyl (Namikawa and Endo, 1932) . In our study, BrrFLC1 expression peaked at 36 d, which constitutes the critical period of tuber enlargement. Cold treatment may also effectively repress BrrFLC1 expression in the hypocotyl, resulting in the inhibition of tuberization. Previous studies have shown that in addition to its role in repressing flowering, FLC may be involved in other developmental pathways by binding promoters of many genes in Arabidopsis (Deng et al., 2011) . The correlation between BrrFLC1 expression and tuber expansion suggest that BrrFLC1 acts as an indicator in tuber induction (Fig. 2) .
The majority of research on tuber formation to date has focused on widely cultivated tuber crops, such as potato (Solanum tuberosum) (Kloosterman et al., 2005) , sugar beet (Beta vulgaris) (Lukaszewska et al., 2012) , and radish (Raphanus sativus) (Xu et al., 2013) , and has provided insight into the molecular mechanisms of tuberization. To further investigate the role of vernalization on tuber formation, we established a hypocotyl micrografting system in the Tibetan turnip. Using grafting approaches, deep molecular knowledge has been obtained in different processes (Ayre and Turgeon, 2004; Buhtz et al., 2010; Liang et al., 2012) . Due to the nascent state of the turnip transformation system, the grafting method offers a suitable alternative for studying the relationship between vernalization, tuber size, and BrrFLC gene expression. Diverse tuber sizes and flowering times were identified in the graft lines, and were significantly correlated with BrrFLC1 expression in the rootstock or scion independently. In summary, we identified high BrrFLC1 transcript levels at a particular stage of tuber development in the tuber tissue that are associated with the function of vernalization on tuberization. Further studies will focus on the contribution of BrrFLC homologues to different development pathways, using molecular tools such as quantitative trait loci (QTLs) analyses and high-throughput sequencing of ChIP-seq analyses. 
